We infused a single-stranded adeno-associated viral (AAV) vector consisting of a bioengineered capsid, liver-specific promoter and factor IX Padua (factor IX-R338L) transgene at a dose of 5×10 11 vector genomes per kilogram of body weight in 10 men with hemophilia B who had factor IX coagulant activity of 2% or less of the normal value. Laboratory values, bleeding frequency, and consumption of factor IX concentrate were prospectively evaluated after vector infusion and were compared with baseline values.
T h e ne w e ngl a nd jou r na l o f m e dicine H emophilia B is an X-linked bleeding disorder that results from a deficiency or dysfunction of coagulation factor IX. The bleeding manifestations of hemophilia are predictable on the basis of the plasma factor IX coagulant activity. The hallmark of hemophilia B, recurrent spontaneous hemarthrosis, occurs in severe cases (factor IX coagulant activity, <1% of the normal value) or moderate cases (factor IX coagulant activity, 1 to <5% of the normal value) and rarely in mild cases (factor IX coagulant activity, 5 to <40% of the normal value). 1 The current standard of care for patients with hemophilia is exogenous factor that is infused intravenously 1 to 3 times per week to prevent bleeding or that is administered on demand in response to bleeding. 2 Unfortunately, exogenous factor replacement requires regular vascular access, results in peaks and troughs of activity that require considerable planning of daily activities, and does not always eliminate bleeding.
1,2 The level of factor IX coagulant activity that is effective for the elimination of spontaneous bleeding events is unknown. In patients with hemophilia A, a phenotypically similar bleeding disorder that is characterized by factor VIII deficiency, natural history data indicate that endogenous factor VIII activity of 12% or more of the normal value eliminates spontaneous hemarthrosis. 3 Endogenous factor IX expression after gene therapy could address many of the limitations of current therapies with the use of a single vector infusion to maintain factor IX coagulant activity above the threshold that is effective in preventing spontaneous bleeding and preserving joint function. After early clinical trials that began in the late 1990s did not show sustained factor expression, [4] [5] [6] [7] clinical investigation of gene therapy for hemophilia coalesced around in vivo liverdirected gene transfer with recombinant adenoassociated viral (AAV) vectors. 8, 9 However, previous trials of AAV-mediated hemophilia B gene transfer resulted in either therapeutic but short-lived circulation of factor IX 7, 10 or durable but suboptimal expression levels.
11 A consistent observation in all these studies was that the risk of an immune response against AAV-transduced hepatocytes was dependent on the vector dose. 7, 10, 11 This observation highlights a basic therapeutic principle -the need to use the lowest dose that results in a clinical benefit while minimizing the risk of adverse events.
We hypothesized that an AAV vector expressing a high-specific-activity factor IX variant could be administered at low doses to drive therapeutic factor IX expression and minimize the risk of an AAV capsid immune response. Factor IX-R338L is a naturally occurring gain-of-function mutation in the factor IX catalytic domain that results in specific activity that is 8 to 12 times as high as that of nonmutant factor IX. 12, 13 Although the long-term expression of factor IX-R338L in canine models of hemophilia and preliminary data regarding short-term expression in a previous clinical trial did not show inhibitor formation or evidence of thrombosis, data have been limited regarding the safety and hemostatic efficacy of sustained expression of factor IX-R338L after gene transfer. 10, 13 Here, we report data on safety and sustained factor IX activity and preliminary data on efficacy in 10 participants who received the same low dose of therapeutic vector.
Me thods

Study Design and Oversight
This open-label, nonrandomized, multicenter, phase 1-2a study involving men with hemophilia B investigated the safety and kinetics of a singlestranded recombinant-AAV vector, SPK-9001. The institutional review board at each study site approved the protocol (available with the full text of this article at NEJM.org). Written informed consent was obtained from all the participants at enrollment. Immediately before vector infusion, participants received a 100% correction dose of their usual factor IX product to aid vector transduction.
14 SPK-9001 was infused intravenously in an outpatient setting at a dose of 5×10 11 vector genomes (vg) per kilogram of body weight over a period of 1 hour. Participants were followed for 52 weeks and thereafter were invited to enroll in a long-term follow-up protocol.
The study was funded by Spark Therapeutics and Pfizer; Pfizer had no other role in the study. The study was designed by the first author and by three authors who are employees of Spark Therapeutics (the sponsor), and the data were collected by site investigators (listed as authors) who vouch for the fidelity of the trial to the protocol. The clinical investigators (see the Supplementary Appendix, available at NEJM.org) and employees of the sponsor (all of whom are listed as authors of this article) analyzed the data. The first author prepared the first draft of the manuscript and, with two authors who are employees of the sponsor, wrote the manuscript with critical input from all the coauthors and without editorial assistance. The authors assume responsibility for the completeness and integrity of the data and analyses.
Participants
We enrolled men 18 years of age or older who had hemophilia B and a factor IX coagulant activity of 2% or less of the normal value with AAV-Spark100 neutralizing antibodies of 1:5 or less, as determined by an in vitro transduction assay, 15 and who met screening criteria (see the Methods section in the Supplementary Appendix). At screening, annualized bleeding rates, factor consumption, and the number of infusions were retrospectively determined by means of review of participants' records for the 52 weeks before enrollment and were compared with prospectively collected data after the infusion of vector.
Vector Design and Production
This single-stranded recombinant-AAV vector, SPK-9001, consists of a bioengineered capsid (AAV-Spark100) 16 and an expression cassette containing the apolipoprotein E gene hepatic-control region (APOE), a liver-specific human α 1 -antitrypsin (hAAT) promoter, and a codon-optimized F9-Padua minigene. The vector was manufactured by means of previously described methods. 6, 17, 18 In brief, vector was produced by transient transfection of HEK293 cells, purified from clarified cell lysates by cation exchange chromatography and density gradient centrifugation, then diafiltrated into an isotonic formulation (see the Methods section in the Supplementary Appendix). The final product was tested in quality-control assays that were designed to ensure its purity, safety, and potency, including titer determination by means of quantitative polymerase chain reaction. In the final formulation, SPK-9001 was combined in defined ratios with empty capsids.
Objectives
The primary objective was to assess the safety of SPK-9001. Assessment after vector infusion included vital signs, physical examinations, reporting of adverse events, and laboratory testing that included factor IX coagulant activity, factor IX inhibitor, liver-function tests, and cellular and humoral immune response against the AAV capsid as assessed by means of the interferon-γ enzyme-linked immunosorbent spot (ELISPOT) assay and the AAV-Spark100 neutralizing antibody assay, respectively. A cellular immune response against the FIX-R338L protein was analyzed by means of the interferon-γ ELISPOT assay, and a humoral response to nonmutant FIX protein was measured by means of the Nijmegenmodified Bethesda assay (lower limit of the normal range, <0.6 BU per milliliter). One-stage factor IX coagulant activity and liver-function studies (alanine aminotransferase and aspartate aminotransferase levels) were assayed on the day that samples were obtained in order to evaluate safety and evidence of an AAV capsid immune response and were run at individual study-site laboratories that were certified by the Clinical Laboratory Improvement Amendments (CLIA) program. The factor IX coagulant activity in each participant was cross-evaluated with the use of a STA-R Evolution instrument and TriniCLOT aPTT S reagent (Stago), which confirmed the results of the local laboratory at the individual study sites. The secondary study objective aimed to evaluate the pharmacokinetics of SPK-9001 -that is, the peak and steady-state vector-derived factor IX coagulant activity. Exploratory end points were vector shedding and efficacy studies, including changes from baseline in the annualized bleeding rate, consumption of exogenous factor IX concentrate, and infusions.
Statistical Analysis
Descriptive statistics were used to summarize the prospectively observed longitudinal data. Prospective observations after the administration of vector were compared with retrospective data that were collected at screening regarding the 52-week period before study enrollment. Statistics were computed with the use of the two-tailed Wilcoxon matched-pairs signed-ranktest. Observed P values and W statistics are reported. (The W statistic is the sum of the signed ranks and provides information about the magnitude of the net difference between compared matched pairs. In a context in which the null hypothesis is true [i.e., no difference between matched pairs], the W statistic would approximate 0.
)
T h e ne w e ngl a nd jou r na l o f m e dicine R esult s
Study Population
A total of 14 men with hemophilia B (factor IX level, ≤2% of the normal value), 18 to 53 years of age, were enrolled at four institutions. A total of 10 participants received an infusion of SPK-9001. Among the 4 participants who did not receive an infusion, 2 were found to be ineligible owing to hepatitis C virus (HCV)-related liver fibrosis, and 2 had the infusion deferred (see the Supplementary Results section in the Supplementary Appendix).
The 10 participants who received an infusion represented a heterogeneous population of patients with hemophilia, encompassing patients with HCV-related liver fibrosis of stage 1 or 2, varied degrees of hemophilic arthropathy, and varied genotypes, including 6 participants who were positive for factor IX cross-reacting material and 4 who were negative for factor IX crossreacting material (Table 1) . At baseline, 3 participants used factor IX concentrate on demand, and the remaining 7 participants used it as prophylaxis. Data represent a cumulative followup of 492 weeks among all the participants (mean follow-up among individual participants, 49.0±13.4 weeks; range, 28 to 78).
Safety and Factor IX-R338L Expression
A total of 40 adverse events occurred among the participants. There were no serious adverse events, including no deaths, no development of factor IX inhibitors, no thrombosis, and no laboratory evidence of excess activation of coagulation as assessed by thrombin-antithrombin values at the week 52 visit (Tables 1 and 2 ). The only adverse event that was deemed by the investigators to be related to the study vector occurred in Participant 9, who had a transient grade 1 elevation of the alanine aminotransferase level (to >2.5 times the upper limit of the normal range). Participant 7 had an increase in liver-enzyme levels above baseline that remained within the range of normal values and that did not meet the criteria regarding toxic effects. As has occurred in previous liver-directed AAV gene-transfer clinical trials, vector genomes were shed transiently in bodily fluids and cleared as outlined in Table S1 and Figure S1 in the Supplementary Appendix. 7, 20 Factor IX inhibitory antibodies did not develop in any participants, and no participants had a significant T-cell response to the factor IX-R338L transgene according to interferon-γ ELISPOT analysis (Fig. S2 in the Supplementary Appendix).
Vector-derived factor IX coagulant activity was observed within 1 week after vector infusion. Steady-state factor IX-R338L expression was reached within 14 weeks after the infusion of vector. Among all the participants, the mean (±SD) vector-derived factor IX coagulant activity was 33.7±18.5% of the normal value ( Figs. 1  and 2 ). Among participants who had a negative status for cross-reactive material, factor IX antigen values were 1.2 to 7.0% of the normal value (Table 1 ). In nine participants who had an anti-AAV-Spark100 neutralizing antibody titer that was less than 1:1 at baseline, the mean steadystate vector-derived factor IX coagulant activity was 35.5±18.7% of the normal value. Participant 6 had a baseline anti-AAV-Spark100 neutralizing antibody titer of 1:1 and a steady-state factor IX coagulant activity that was 18% of the normal value. Transgene-derived factor IX coagulant activity was also evaluated by means of chromogenic assay (Fig. S3 in the Supplementary Appendix).
Participants 7 and 9 had an asymptomatic, transient increase in the alanine aminotransferase values that was managed with a course of prednisone (Fig. 2 , and the Supplementary Results section in the Supplementary Appendix). Concomitant positive interferon-γ ELISPOTs to AAV-Spark100 capsid peptides were observed. Participant 7 had a decline in factor IX coagulant activity from 48% to 30% on day 56 after the vector infusion and received a dose of prednisone (60 mg). On the basis of an apparently stable factor IX coagulant activity of 30%, glucocorticoids were discontinued until the activity again declined at day 62 to 18% and prompted a continuous prednisone course that prevented further loss of transgene expression (Fig. 2) . Throughout, the alanine aminotransferase values in this participant remained within normal limits but rose above the baseline value at 52 days after the administration of vector and returned to the baseline value when he received prednisone. Participant 9 had a grade 1 elevation in the alanine aminotransferase level on day 34 after the administration of vector. Glucocorticoids were initiated, and the alanine aminotransferase values returned to baseline within 1 week thereafter. Despite the elevation in aminotransferase levels, the factor IX coagulant activity levels continued to increase and plateaued near 80% of the normal value. These two participants were able to take prednisone without associated adverse events and did not have a decline in factor IX coagulant activity after glucocorticoids were discontinued.
Of the 10 participants, 9 did not have a rise in the aminotransferase values to 1.5 or more times the upper limit of the normal range. Among the 8 participants who were not treated with prednisone, results of the capsid ELISPOT assay were negative or minimally positive, and no loss of factor IX coagulant activity or rise in the alanine aminotransferase level was observed (Fig. S2 in the Supplementary Appendix). In a finding that was consistent with results in previous studies, high-titer antibodies to the AAV capsid developed in all the participants after vector infusion (data not shown).
Annualized Bleeding Rate and Exogenous Factor IX Use
Among all the participants, the annualized bleeding rate significantly decreased after vector administration (mean rate, 11.1 events per year [range, 0 to 48] before vector administration vs. 0.4 events per year [range, 0 to 4] after administration; P = 0.02; W = 28) ( Table 1 and Fig. 3 ). Participant 3, who had extensive hemophilic arthropathy at baseline, reported four hemarthroses in two joints (one in the left ankle and three in the right knee) in the 52 weeks of study follow-up (Table 1, and the Supplementary Results  section and Table S2 in the Supplementary Appendix). Participant 8 received two doses of factor for central catheter (mediport) removal that was deemed to no longer be necessary owing to cessation of factor use (Table 1 and Fig. 3 ). No other participants had bleeding or used factor.
The data regarding the reduced annualized bleeding rate are noteworthy given the termination of prophylaxis after vector infusion and the degree of baseline hemophilic arthropathy represented among the participants (mean number of target joints, 1.8±1.9). Concurrent with reduced bleeding, the consumption of factor was significantly reduced ( Fig. 3 ). During the cumulative 492-week follow-up interval, a 100% reduction in the use of exogenous factor IX was noted in 8 of 10 participants, and a 91% reduction was noted in the 1 participant who reported bleeding after vector infusion (Table 1 and Fig. 3) . Collectively, this amounted to a reduction in the use of factor IX concentrate of 1.95 million IU or an estimated savings of $3.6 million, according to 2016 pricing of factor IX.
Discussion
We found that the use of a high-specific-activity transgene, factor IX-R338L, and codon-optimized expression cassette permitted the safe use of a low dose of vector (5×10 11 vg per kilogram) and yielded high levels of sustained vector-derived factor IX coagulant activity and a low incidence of a capsid-directed immune response. 7, 10, 11, [20] [21] [22] These data support our hypothesis that a highly efficient vector can be administered at low doses to drive therapeutic factor IX expression while minimizing the risk of an AAV capsid-directed immune response.
We found that SPK-9001 was safe, a finding that is consistent with the results in previously published AAV gene-therapy trials. 7, 23 In addition, inhibitors to nonmutant FIX protein did not develop in any participants, and no marked ELISPOT response to factor IX-R338L was seen -findings that support the conclusions that expression of factor IX-R338L did not result in neoantigen formation and that sustained factor IX-R338L expression was safe over the time course that was examined in participants with either positive or negative results for cross-reacting material.
Furthermore, transgene-derived factor IXspecific activity was consistent with results from preclinical studies. 13, 24 The long-term safety of AAV gene transfer remains to be determined; however, to date, no genotoxic or gene-silencing events have been noted in human participants, including those who have been followed since the first AAV trials were reported in 1998. 25 Transgene DNA is stabilized predominantly epi-T h e ne w e ngl a nd jou r na l o f m e dicine T h e ne w e ngl a nd jou r na l o f m e dicine somally. Thus, an advantage of AAV-mediated gene transfer is the reduced risk of insertional mutagenesis. Several features of the vector and the study design minimized the risks of insertional mutagenesis that have been defined in nonclinical studies, including the use of a vector dose that was lower by a factor of 4 to 120 times than doses used in other ongoing trials of gene therapy for hemophilia, the targeting of adult postmitotic hepatocytes, and the use of a liverspecific hAAT promoter. 7, 11, 21, 22, 26 Although the long-term efficacy is unknown, stable expression after liver-directed AAV-mediated factor IX gene transfer has been reported for 4 years in a clinical trial and for 8 years in canine hemophilia B models.
11, 27 Continued follow-up of the participants will be necessary to determine longterm safety and durability of expression and to monitor vector shedding as it relates to any possible consequence to contacts of participants.
A major impediment to the advancement of in vivo AAV gene transfer is the lack of animal models that recapitulate the human cellular immune response to the AAV capsid; thus, the study of this phenomenon is limited to clinical investigation. 7, 28 Two participants were safely and successfully treated with glucocorticoids that were aimed to control an AAV capsid-directed cellular immune response; transgene expression and therapeutic efficacy were maintained in these participants. Our data suggest that the cellular immune response to this AAV vector is controllable with oral glucocorticoids. This favorable response may reflect properties of the vector, the dose, or both. The occurrence of the capsiddirected immune response highlights the need * The severity of adverse events was determined with the use of World Health Organization toxicity grading criteria. The relation of the event to the study agent was determined by the investigators. for sensitive immunomonitoring techniques, which we used during the at-risk window. Our data indicate that the combined evaluation of liverfunction studies and assays to assess factor IX coagulant activity aid in the timely detection and appropriate management of a capsid-directed immune response and can be completed in any clinical laboratory. ELISPOT assay results provided meaningful data to confirm the cause of elevations in the aminotransferase levels but would be impractical for use in widespread adoption of this therapy. Despite varied trial courses among the 10 participants, the mean steady-state factor IX coagulant activity was 33.7±18.5% of the normal value, and a therapeutic effect at this dose was observed in all the participants, even those who had preexisting (low titer) neutralizing antibodies or cellular immune responses that occurred after infusion. It is not clear what the basis was for the finding that the factor IX coagulant activity in Participant 9 was approximately 2 times as high as that in the other participants. Although the mechanism of transduction with AAV vectors has been extensively studied, many aspects, including binding to cell-surface receptors, entry by means of endosomal pathways, endosomal escape, uncoating, and entry into the nucleus, are poorly understood. 29, 30 The range of levels of factor IX coagulant activity that we observed may represent the inherent variability in transgenederived protein levels with this new class of therapeutic agents. The two participants who had a capsid-directed immune response also had the most rapid initial rise in factor IX coagulant activity. More extensive experience will be required in order to determine whether these events occurred by chance or represent a useful predictor of immune response. It is also unclear whether the immune response somehow facilitated vector expression. In addition, the plateau in the factor IX coagulant activity in Participant 6, which was lower than that in the other participants, is consistent with an expected reduction in hepatocyte transduction in the presence of the 1:1 titer for neutralizing antibody (anticipated to neutralize 50% of vector) to AAV (Table 1) ; this finding supports the hypothesis that our AAV neutralizing antibody assay is sensitive. A current limitation of in vivo AAV gene transfer is the existence of AAV neutralizing antibodies in approximately 30 to 40% of the population, who would not be eligible for this therapy as it is currently formulated. 31 A sensitive AAV neutralizing antibody assay is essential for the identification of patients with a negative titer and those with low titers, who may still benefit from this therapy but who would be predicted to have a transgene expression level that is lower than the level in patients with a negative titer, given the current vector formulation. 32 We found consistent clinical outcomes despite the baseline heterogeneity of the participants, including the extent of hemophilic arthropathy, age, and coexisting conditions, such as previous HCV infection, which affects more than 90% of men with severe hemophilia B who are older than 40 years of age. 33 The long-term outcomes regarding sustained, stable factor IX coagulant activity on joint health and quality of life are not yet known. Recent preclinical work has shown that factor IX products with an extended half-life improved synovial and osteochondral healing after hemarthrosis in mice with hemophilia B, whereas short-term factor IX replacement for hemostasis did not prevent arthropathy. 34 This information suggests that sustained factor IX coagulant activity, such as the results we observed, may function to prevent acute hemarthrosis and to minimize the long-term sequelae Evidence of an immune response was determined by monitoring each participant's factor IX activity and alanine aminotransferase and aspartate aminotransferase levels and by evaluating the results of the interferon-γ enzyme-linked immunosorbent spot (ELISPOT) assay regarding the reaction of the participant's peripheralblood mono nuclear cells (PBMCs) to the AAV capsid peptides and the transgene product (factor IX-R338L), as compared with a media control. The dotted lines in the top graph in each panel indicate the upper limit of the normal range for the alanine aminotransferase (black) and aspartate aminotransferase (gray) levels in each participant, according to the local laboratory. The arrow after day 56 in Panel A (showing values for Participant 7) indicates the receipt of a single dose of prednisone. The duration of a full course prednisone treatment (started a few days later) is shown, with the slope indicating tapering. The levels of alanine aminotransferase and aspartate aminotransferase returned to baseline levels in these two participants after prednisone initiation, and transgene expression was maintained in the two participants after prednisone was tapered and stopped. Results of the ELISPOT assay are shown as the number of spot-forming units (SFU) per 1 million PBMCs; values that are more than 50 SFU or that are above the media control (dotted line) by a factor of three are considered to be positive.
T h e ne w e ngl a nd jou r na l o f m e dicine of joint disease. Finally, even in a small cohort with limited follow-up, the reduction in the use of factor IX concentrate represented a marked cost savings.
In conclusion, we observed that a one-time intravenous infusion of SPK-9001 safely resulted in a sustained level of factor IX coagulant activity of approximately 30% that consistently permitted the termination of prophylaxis, prevented bleeding, and nearly completely eliminated the need for exogenous factor in 10 men with hemophilia B. This early success requires confirmation in a larger cohort and long-term monitoring of safety and efficacy.
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